Huntington disease (HD) is a progressive neurodegenerative disease that affects 30,000 individuals in North America. Treatments that slow its relentless course are not yet available, and biomarkers that can reliably measure disease activity and therapeutic response are urgently needed to facilitate their development. Here, we interrogated 119 human blood samples for transcripts associated with HD. We found that the dynamic regulator of chromatin plasticity H2A histone family, member Y (H2AFY) is specifically overexpressed in the blood and frontal cortex of patients with HD compared with controls. This association precedes the onset of clinical symptoms, was confirmed in two mouse models, and was independently replicated in cross-sectional and longitudinal clinical studies comprising 142 participants. A histone deacetylase inhibitor that suppresses neurodegeneration in animal models reduces H2AFY levels in a randomized phase II clinical trial. This study identifies the chromatin regulator H2AFY as a potential biomarker associated with disease activity and pharmacodynamic response that may become useful for enabling disease-modifying therapeutics for HD.
macroH2A | transcriptional profiling | gene expression | sodium phenylbutyrate H untington disease (HD) is an autosomal dominant neurodegenerative disorder caused by an expansion of glutamine repeats at the N terminus of huntingtin protein (1) . About 30,000 individuals in North America are affected by the disease, and no medication is available yet to slow the disease process. Rapidly advancing basic research is creating an expanding pipeline of candidate disease-modifying therapeutics that is entering clinical trials. Progress has been curtailed by the limited power of the clinical end points currently available to provide evidence for efficacy. In typical phase II clinical trials, obtaining preliminary evidence of disease modification based on clinical assessments alone is extremely challenging because the HD phenotype is highly variable and slowly progressive. As a result, much larger futility or phase III efficacy studies are required, involving hundreds of subjects and years of follow-up, to determine whether a treatment could be disease-modifying or is a likely failure. Simple and robust markers of disease activity that can serve as indicators of treatment response are critically needed to prioritize lead compounds for phase III clinical trials and will greatly accelerate the development of novel medications for patients with HD.
Although HD symptoms reflect preferential neuronal death in specific brain regions, huntingtin is expressed in almost all tissues and may cause detectable but clinically silent changes in gene expression and biochemistry in blood cells (2) . Biochemical traits in blood cells of patients with HD encompass the biological processes of mitochondrial function (3), adenosine receptor signaling (4) , and tryptophan metabolism (5) . Although gene expression traits associated with HD have been reported in the brain (6) , muscle (6) , and blood (7, but note 8), a robust, generalizable, and potentially clinically useful blood test for HD has not yet been developed. A simple blood test of high accuracy and reproducibility would have many advantages over invasive cerebrospinal fluid tests or expensive imaging biomarkers. Likewise, genetic testing confirms the clinical impression of HD and identifies at-risk individuals but cannot dynamically track disease activity, progression of disease severity, and response to therapeutics or predict conversion from premanifest to clinical disease.
The US Food and Drug Administration-led Microarray Quality Control project has demonstrated that microarray results are generally repeatable within a laboratory, reproducible between laboratories, and comparable across different gene expression platforms (9) . Indeed, gene expression microarray technology has matured to the point where some applications are deemed reliable enough for clinical and regulatory purposes (9) . Transcriptomewide scans can provide an unbiased global estimate of changes in gene expression and identify genes (10, 11) and pathways (12) causally, reactively, or independently associated with genetic, environmental, or complex disease etiologies (13, 14) . Gene expression data can be used to rank individuals according to molecular characteristics (15) and to generate hypotheses about disease mechanisms (16) , and such data may be particularly useful for identifying prototype biomarkers for quantitatively and longitudinally tracking dynamic disease traits that cannot readily be explained by static variation in DNA sequence.
Our data indicate that H2A histone family, member Y (H2AFY) expression in blood is robustly, specifically, and repeatedly associated with HD in four case-control studies of 472 samples and on two gene expression platforms and marks early stages of disease severity in human and mouse brains.
Results

H2AFY Is Specifically Overexpressed in Cellular Blood of Patients with
HD. We performed a systematic transcriptome-wide analysis to interrogate the molecular processes perturbed in cellular blood of patients with HD for lead biomarkers. Genome-wide expression data of 119 transcriptomes from eight patients with HD and 111 controls, including 83 neurodegenerative disease controls, were analyzed. Stringent significance thresholds were set to control for false-positive results attributable to biological and technical noise and to correct for multiple testing. To correct for multiple testing, rigorous permutation analysis, significance analysis of microarrays (SAM) (17) , was applied and genes with small effect sizes were excluded. Because technical variation is higher for genes with low average expression intensities on Affymetrix Human GeneChip U133A arrays, only genes with intensities ≥100 in at least one sample were considered for further analysis. This conservative statistical analysis keeps the number of false-positive results at a minimum, although the number of false-negative results is likely to remain high. Ninetynine genes were significantly differentially expressed in patients with HD, with a fold change ≥1.5 or ≤0.66 and a false discovery rate (FDR) <0.00002 based on 50,000 permutations of the dataset (Table S1 ). These include the transcriptional modulator H2AFY. H2AFY was 1.6-fold overexpressed in cellular blood of patients with HD, with a FDR <0.00002. For visualization purposes, only the 38 genes with the lowest P values (P < 10 −6 by a two-sample, two-sided t test) of all 99 significant genes are displayed in Fig. 1A (a complete list of all 99 genes associated with HD is provided in Table S1 ). H2AFY and its encoded histone variant, macroH2A1, modulate transcription factor binding (18) , X-chromosome inactivation (19) , and transcription repression (20) . Interestingly, the highlighted genes (Table S1) include GAPDH, a "housekeeping" gene known to interact directly with mutant huntingtin (21) , which mediates its nuclear translocation (22) . High sensitivity and disease specificity are desirable (but not mandatory) for some clinically useful biomarkers. The area under the receiver-operating characteristics curve (AUC) for H2AFY was 0.911, indicating high sensitivity and specificity at various cutoffs (with an accuracy as high as 96% at the optimal cutoff; Fig. 1C ). This 119-sample dataset included genome-wide expression data from 105 individuals with Parkinson disease (PD) and controls that we previously reported as part of our PD biomarker discovery efforts (15) , as well as eight HD cases and six age-and sex-matched healthy controls (HCs) generally enrolled, processed, and assayed in parallel for the present study. If the analysis was restricted to this subset of eight patients with HD and six age-and sex-matched HCs without neurodegenerative diseases, H2AFY was still 1.5-fold overexpressed in the blood of patients with HD, with P = 0.01. Because transcriptional dysregulation is likely a pathogenic mechanism in HD (1), we prioritized H2AFY for further evaluation.
To verify these results on an independent gene expression platform, we performed kinetic, real-time, quantitative PCR (qPCR) (Fig. 1B) . We assayed relative H2AFY mRNA abundance in the 8 patients with HD and eight HCs, and we also included 29 new age-and sex-matched neurological disease controls (Fig. 1B) . Six age-and sex-matched patients with a hyperkinetic movement disorder other than HD (dystonia) and treated with medications also commonly used for patients with HD (e.g., neuroleptics, anticholinergics) were enrolled to control for nonspecific medications and metabolic effects. Twenty-three age-and sex-matched patients with the neurodegenerative movement disorders, PD, or multiple system atrophy (MSA) were also enrolled to control for further nonspecific gene expression changes common to debilitating neurodegenerative diseases. To reduce bias from sample handling, the blood specimens were transported, processed, and stored in parallel in a uniform and standardized manner. HCs were recruited predominantly from nonaffected spouses of patients with HD, thus tightly matching the source population with similar environmental and lifestyle exposures. In this case-control study, H2AFY mRNA levels were approximately twofold higher in the blood of patients with HD compared with HCs ( Fig. 1B ; P = 0.0006 by general linear model regression analysis adjusted for age and sex with Tukey's studentized range test), neurologic disease controls with dystonia (P < 0.0001), patients with PD (P = 0.0004), and patients with MSA (P = 0.02). Relative H2AFY mRNA abundance was specifically associated with HD compared with clinically relevant movement disorders and HCs, with an accuracy of 87% and an AUC of 0.912 (Fig. 1D) . The association between HD and elevated relative H2AFY mRNA abundance was repeatable and disease-specific on two gene expression platforms and in a substantial sample size (a total of 148 unique samples evaluated in this two-part discovery phase, as listed in Table S2 ). Table S1 ). H2AFY is 1.6-fold overexpressed in cellular blood of patients with HD, with a FDR <0.00002 and P = 1.3 × 10 −7 by two-sided t test. In the heat map, columns represent study subjects and rows represent genes. Expression higher than the mean is displayed as shades of red, and expression lower than the mean is displayed as shades of blue. AD, Alzheimer's disease; CBD, corticobasal degeneration; ET, essential tremor; PSP, progressive supranuclear palsy. (B) Overexpression of H2AFY in cellular blood of patients with HD was confirmed on the qPCR platform. H2AFY mRNA level are approximately twofold higher in blood of patients with HD [n = 8; mean age (y) ± SD: 51.8 ± 6.2] compared with that of HCs (n = 8; 50.9 ± 15.4; ***P = 0.0006) as well as patients with a hyperkinetic movement disorder other than HD (dystonia: n = 6; 56.3 ± 5.5; P < 0.0001) and patients with neurodegenerative movement disorders (PD: n = 14; 55.8 ± 4.8; P = 0.0004) or MSA (n = 9; 59.5 ± 6.8; P = 0.02). Error bars show SEM. The association between relative H2AFY mRNA abundance and HD is sensitive and specific with AUCs of 0.911 and 0.912 with accuracies of 96% and 87% at optimal cutoffs on the Affymetrix U133A (C) and qPCR (D) platforms, respectively.
and HD independently, we performed two validation studies. First, an independent, cross-sectional, case-control validation study of 96 individuals, including 36 patients with HD, 9 individuals with premanifest HD who carry the HD gene mutation without clinical phenotype, 50 HCs, and one subject with spinocerebellar ataxia-1 (Table S3) , was performed. Validating the initial findings, H2AFY mRNA abundance was 1.5-fold elevated in patients with HD compared with HCs, with P = 0.0004 adjusting for age and sex ( Fig. 2A) . Consistent with a specific association with patients carrying an HD mutation (a CAG expansion in huntingtin), H2AFY mRNA abundance appeared unchanged in the two samples from the subject with spinocerebellar ataxia-1, who carries a CAG expansion in the ataxin-1 gene ( Fig. 2A) . HD is an autosomal dominant disease with complete penetrance. Premanifest HD subjects are individuals at 100% risk for HD on the basis of documented positive genetic testing for the HD mutation but in whom clinical symptoms have not yet become manifest. The characterization of genes differentially expressed at the premanifest stage is of critical importance for therapeutic biomarker discovery because patients with premanifest and early-stage HD are most likely to benefit from disease-modifying interventions. There was a 1.9-fold increase in H2AFY mRNA levels in premanifest HD subjects compared with HCs (P = 0.002) indicating that H2AFY expression is already elevated early in the course of the disease.
Second, to further evaluate the stability of the association between increased H2AFY expression and HD over time, we performed an additional, longitudinal, case-control validation study (Fig. 2B ) of 25 patients with HD and 21 tightly age-and sex-matched controls followed over 2-3 y (Table S4) with two (9 subjects) or three (37 subjects) annual follow-up visits. H2AFY was overexpressed in the HD group at the baseline visit (1.4-fold; P = 0.02 by general linear model regression analysis adjusted for age and sex) and remained overexpressed at the second (1.4-fold; P = 0.005) and third (1.7-fold; P = 0.008) annual visits (Fig. 2B) .
Expression of the H2AFY-Encoded Protein MacroH2A1 Is Increased in Brains of Patients with Early-Grade HD, as Well as in Transgenic and
Knock-In Mouse Models of HD. To determine whether macroH2A1 levels in the blood relate to disease progression in the brain, we extracted histones from the frontal cortex of 12 patients with HD (Table S5 ) and measured the expression of macroH2A1 by Western blotting. MacroH2A1 levels were elevated (P = 0.05) in grade 2/3 HD brain compared to controls but unaltered in grade 4 HD brain ( Fig. 3 A and B) (23) . Because H2AFY is so highly expressed in neurons, the profound neuron loss present in endstage HD in humans (24) likely accounts for the late decline in H2AFY levels.
We further investigated whether macroH2A1 expression correlates with disease progression in mouse models of HD. The R6/2 mouse model expresses an exon 1 fragment of the human huntingtin gene and recapitulates many behavioral and neuropathological features observed during early disease stages in patients with HD (25) . These mice exhibit progressive cognitive and motor deficits starting from 5 wk; neuropathological abnormalities, including a decline in brain weight and neostriatal volume by 8 wk; reduction in striatal neuronal number by 12 wk; and death by 13-15 wk of age. Levels of macroH2A1 were quantified in the striatum, cortex, hippocampus, and cerebellum of R6/2 HD mice (CAG repeat length of 135-140) at 4, 8, and 12 wk of age using Western blotting. We found a progressive increase in the levels of macroH2A1 in R6/2 brain with disease progression. Levels of macroH2A1 were unaltered at 4 wk of age and dramatically increased in the cortex and striatum (regions mostly affected in HD) at 8 and 12 wk of age ( Fig. 3 C and D) , whereas the hippocampus and cerebellum (less affected in HD) showed elevated macroH2A1 levels only at 12 wk of age, indicating that macroH2A1 correlates with disease progression and severity. Consistent with the increase in protein expression, immunohistochemistry of 12-wk-old R6/2 brains revealed a striking increase in macroH2A1 immunoreactivity in the striatum (Fig. 3E) , especially in neuronal nuclei, where it plays an active role in transcriptional silencing. In addition to macroH2A1 protein, the relative abundance of H2AFY mRNA is increased 2.5-fold (P = 0.004) in the cortex of R6/2 mice as quantified by qPCR (Fig. 3F) .
By contrast to florid mouse models carrying an N-terminal huntingtin fragment (e.g., R6/2 mice), mice carrying a chimeric mouse/human exon 1 containing 140 CAG repeats inserted in the murine huntingtin gene more faithfully model the disease genetics and have normal life spans (26, 27) , and they develop a subtle pathologic phenotype that is most analogous to presymptomatic and early symptomatic stages of the human disease (26) . Despite a mild phenotype, knock-in mice have abnormal motor behavior that can be quantified by formal behavioral testing and aged mice show characteristic striatal nuclear huntingtin aggregates (26, 27) as well as ∼20% underexpression of select striatal enriched transcripts [e.g., D2 receptor and dopamine-and cAMP-regulated neuronal phosphoprotein (DARPP-32)] (27) in the absence of neuronal cell loss. To validate our findings in this full-length huntingtin knock-in model, we assayed macroH2A1 levels in histone extracts from the striatum of homozygous 140-CAG knock-in mice compared with age-and sex-matched wildtype mice. Consistent with our observation in patients with early disease stages, striatal levels of macroH2A1 were increased in homozygous knock-in mice (Fig. 3 G-I) . Western blot results revealed 1.8-fold increased levels of macroH2A1 in histone extract from the striatum of homozygous 140-CAG knock-in mice compared to 12-mo-old wild-type mice (P = 0.014; n = 4). Consistent with the Western blotting results, immunohistochemical staining for macroH2A1 was also remarkably increased in the striatum of homozygous 140-CAG knock-in mice compared with wild-type mice (Fig. 3I) .
To confirm the results from our in vivo analyses further in the 140-CAG, full-length, knock-in mouse model as well as in the transgenic R6/2 mouse model of HD, we analyzed in silico genome-wide gene expression datasets (reported in 28) from a related knock-in mouse model of HD, the CHL2 mouse (29) as well as two distinct datasets from R6/2 mice (Fig. S1) . Consistent with our in vivo studies, relative H2AFY abundance was 1.43-fold increased in the striatum of CHL2 knock-in mice (P = 0.0003). In the two R6/2 mouse datasets, relative H2AFY abundance was 1 y] as well as premanifest HD (n = 9; 48.1 ± 7.5) compared with HCs (n = 50; 49.5 ± 8.2) with fold changes of 1.5, with P = 0.0004 (***) and 1.9 with P = 0.002 (**), respectively. No difference in H2AFY mRNA abundance is observed between HCs and two samples from a subject with spinocerebellar ataxia-1. (B) In a second, longitudinal study of 25 patients with HD and 21 tightly age-and sex-matched controls followed over 2-3 y, H2AFY is overexpressed in the HD group relative to controls at the baseline visit (1.4-fold; *P = 0.02) and remains overexpressed at the second (1.4-fold; **P = 0.005) and third (1.7-fold; **P = 0.008) annual visits. Numbers of HCs and patients with HD assayed at each visit are shown on the x axis (number of HCs/number of patients with HD). Error bars in A and B show SEM.
1.18-fold and 1.27-fold increased, respectively (P = 0.03 and 0.01, respectively). Thus, expression of the H2AFY-encoded protein macroH2A1 is increased in the frontal cortex of patients with early-grade HD, as well as in transgenic and knock-in mice thought to model premanifest and early/mid-disease stages. There is evidence that mutant huntingtin leads to reduced histone acetylation and altered transcription (30) . Consequently, drug-like compounds that inhibit histone deacetylases (HDACs) are emerging as a leading class of potentially disease-modifying therapeutics for HD. Clinically, HDAC inhibitors, such as sodium phenylbutyrate (SPB), are already advancing through phase I and II drug trials. Administration of SPB or sodium butyrate increases brain histone acetylation (31), corrects neuronal mRNA dysregulation (31), significantly extends survival, and attenuates both gross brain and neuronal atrophy in R6/2 (32) as well as N171-82Q transgenic mouse models of HD (33) . In a Drosophila model, HDAC inhibitors suppress neurodegeneration (34) . To test whether macroH2A1 levels can be used to monitor a pharmacodynamic response to treatment with HDAC inhibitors, we treated R6/2 mice with SPB. Mice were treated with either 150 or 300 mg·kg
of SPB for 2 wk, and levels of macroH2A1 were determined in the striatum 2 h after the last injection. MacroH2A1 levels were dramatically reduced after SPB treatment (Fig. 4 A and B) , thus linking the biomarker response to SPB and the known neuroprotective effects of SPB (32, 33) .
To test whether H2AFY levels can be used to monitor a response to treatment with SPB in patients with HD as well, we analyzed frozen blood samples from participants enrolled in the Phenylbutyrate Development for Huntington's Disease (PHEND-HD) trial, a randomized, double-blind, placebo-controlled, phase II clinical trial. High-quality RNA (mean RNA integrity number ± SD, 8.1 ± 0.7) was extracted from blood samples collected and frozen in tubes containing an RNA-quality preserving reagent. H2AFY mRNA levels were assayed by qPCR in blood samples collected from 28 trial participants at the baseline visit (week −3/visit 1); at the end of the 4-wk randomized, double-blind, placebo-controlled phase (week 4/visit 4); and at the end of the 12-wk open-label phase (week 16/visit 7) (Fig. 4C) . In this standard trial design, patients are first randomized to either study drug (SPB) or placebo during the 4-wk-long placebocontrolled phase; then, after completing the placebo-controlled phase, all participants go on to receive the study drug for 12 wk (both the "placebo" and "study drug" groups). Because HDAC inhibitors are known to exert their effects through both acute (35) and delayed time-dependent pharmacodynamic effects (36-38), we asked whether H2AFY mRNA abundance measured in blood can be used to monitor a pharmacodynamic response to treatment with the potentially disease-modifying drug SPB over time. To test for the effects of time on SPB on H2AFY abundance, we used a mixed random and fixed coefficient regression model, wherein weeks on SPB was a fixed predictor (irrespective of weeks in the study, which was a separate simultaneous fixed predictor; the intercept was random, whereas slopes for weeks on SPB and weeks in the study did not show significant variance across subjects to warrant them being analyzed as random effects). Thus, given the study design (Fig. 4C) , the SPB group was 16 wk on SPB (sampled at study weeks 4 and 16) and the placebo group was 12 wk on SPB (sampled at study week 16). We found a significant linear effect of both weeks on SPB and time (weeks in the study) on relative H2AFY mRNA abundance detectable in blood (Fig. 4D) . The number of weeks a participant was treated with SPB was associated with decreasing relative H2AFY mRNA abundance, with P = 0.0275. By contrast, time alone (weeks) in the study (adjusting for drug treatment) was associated with increasing H2AFY abundance, with P = 0.0577, canceling each other out to some extent when they occurred at the same time.
Thus, H2AFY levels mark the pharmacodynamic response to treatment with SPB, a drug known to suppress mutant huntingtin-induced neurodegeneration in mouse models of HD (33) The level of macroH2A1 is normalized to the total histone H3 level. Striatum, *P = 0.02 (8 wk), ***P < 0.0001 (12 wk); cortex, ***P = 0.0001 (8 wk), ***P = 0.001 (12 wk); hippocampus, *P = 0.03 (12 wk); cerebellum, ***P < 0.0001 (12 wk). (E) Immunohistochemical staining for macroH2A1 is markedly increased in the cortex and striatum of R6/2 mice compared with wild-type mice. (F) qPCR confirmed an increase in relative H2AFY mRNA abundance in the cortex of R6/2 mice compared with wild-type mice, with P = 0.004 (**). Error bars in A, C, and F show SEM. (G and H) Western blots show levels of macroH2A1 in histone extracts from the striatum (Str) of 12-mo-old wild-type and homozygous 140-CAG knock-in mice. A representative Western blot is shown. Levels of macroH2A1 are increased in the striatum of knock-in mice (n = 4). MacroH2A1 is normalized to the total histone H3 level. *P = 0.014. KI, knock-in; W, wild type. (I) Immunostaining for macroH2A1 is also increased in the striatum of homozygous 140-CAG knock-in mice compared with wild-type mice. the brain of the widely used R6/2 mouse model as well as in the blood of patients with HD enrolled in a randomized, doubleblind, placebo-controlled, phase II clinical trial. Collectively, our data indicate that H2AFY expression is robustly, specifically, and repeatedly associated with HD in four case-control studies of 472 samples and on two gene expression platforms (Table S2 ) and marks the early stages of disease severity in human and mouse brains. Linking H2AFY levels to disease activity, reduction of H2AFY levels in a mouse model of HD correlates with known disease modification. Potentially important for accelerating drug development, although current clinical parameters are not powered to detect treatment effects in small trials (14) , in a phase II clinical trial, this simple H2AFY blood assay detected a molecular response to a drug known to ameliorate huntingtin-induced neurodegeneration in model systems.
Discussion
The biomarker validation process involves several validation studies, each adding information and confidence to a biomarker. This process replaces the idea of absolute "validation" with a scientific understanding of degrees of certainty in various dimensions (39) . In principle, the scientific assessment of a biomarker progresses through different phases of assay development and study design, advancing from discovery to small-to medium-scale cross-sectional studies [which we termed phase I biomarker studies (14) ], to large-scale prospective studies (phase II biomarker studies), to clinical phase III trials of biomarker and disease-modifying drug combinations (combined phase III clinical and biomarker trial). This involves a careful and step-wise process of biomarker development similar to the phases of drug development.
Our study should be interpreted keeping several limitations in mind. First, although we assessed a substantial number of cases and controls across four case-control studies and a randomized, placebo-controlled, phase II trial, additional well-powered patient populations will need to be evaluated to confirm the generalizability of these observations (14) . It will be particularly important to confirm whether H2AFY robustly tracks HD activity over time in a much larger study population.
Second, lurking bias is a key threat to all biomarker studies (14, 40) , and a panel of 12 RNA biomarkers for HD highlighted in a previous small study (7) was not replicated (8) . We have attempted to minimize bias by adhering to rigorous proposed "rules of evidence" in study design, conduct, and interpretation (40) . We established quality control measures for sample collection, processing, and storage, and we monitored for potentially confounding demographic and sample handling variables (41) and included disease controls. Samples were predominantly collected and processed in parallel for cases and controls using one predefined standard operating procedure for both cases and controls. Case and control samples were assayed in parallel. Controls were recruited from the source population (largely unaffected spouses of patients with HD or spouses of patients with other neurodegenerative diseases receiving care at Partners HealthCare). Despite these efforts, cross-sectional studies may remain vulnerable to bias from confounders that we did not recognize. The randomized, placebo-controlled, phase II trial also included in this study, however, follows a study design thought to be least susceptible to bias (40) . Third, substantial sex-related (8) and diurnal rhythm-related changes in blood gene expression (42) have been observed. In our analysis, we thus used multivariate analyses adjusted for sex and age, and blood draws of cases and controls were performed predominantly in the afternoon to guard against diurnal bias in gene expression. Fourth, genome-wide expression studies like those we conducted in the discovery phase are vulnerable to false-positive results as a result of overfitting. We have made several provisions to guard against overfitting. We used a simple analytical procedure that adjusts for multiple testing utilizing a permutation-based FDR, and such simple analytics may be less vulnerable to overfitting. Most importantly, we specifically reproduced the association of elevated relative H2AFY mRNA abundance with HD in three case-control studies on the qPCR platform, thus eliminating the possibility of a false-positive result attributable to computational overfitting. Fifth, in contrast to assays that quantify absolute analyte levels, both the microarray and qPCR technology estimate relative mRNA abundance by comparing a target gene's abundance with a reference measure but do not directly inform on absolute changes in mRNA levels.
It has become clear that chromatin structure and function are regulated not only through posttranslational modification of histones, such as acetylation, but through specialized replacement histones (43) . Such alterations contribute to a dynamic composition of the nucleosome and allow specific regions of the chromatin fiber to have specialized functions (43) . Excitingly, the H2AFY-encoded atypical histone variant macroH2A1 that is pervasively overexpressed in HD is emerging as a hallmark of discrete heterochromatic foci and as a dynamic regulator of chromatin plasticity and gene repression (44) . Although mutant huntingtin has long been thought to induce aberrant posttranslational histone modifications, the robust and specific association between H2AFY and HD seen in situ in human blood and brain and in vivo in a variety of HD models hints at a potentially powerful new link between the specialized histone H2AFY and the dysfunctional chromatin architecture of HD. This view and the precise mechanistic role of H2AFY in HD can now be thoroughly investigated. If prospectively and mechanistically confirmed, H2AFY may become a biomarker of disease activity and therapeutic response useful for prioritizing lead compounds for phase III clinical trials and for bridging the "valley of death" between preclinical drug discovery and clinical drug trials.
Materials and Methods
Genome-Wide Expression Analysis. Microarray experiments were carried out as we have previously described (15) . Briefly, 4 μg of total RNA was used for cDNA synthesis and transcribed in vitro to cRNA labeled with biotin-11-UTP (PerkinElmer), followed by cRNA purification using an RNeasy Mini kit (Qiagen). Purified cRNA was hybridized to Human Genome U133A arrays (Affymetrix). The arrays were washed, stained, and scanned on an HP Gene Array scanner (Affymetrix).
Real-Time qPCR. Real-time qPCR in human tissues was performed similar to what we have previously described (15) . The TaqMan Assay-on-demand (Applied Biosystems) probe for H2AFY was designed according to the manufacturer's "rules" (primer/probe information is available on request).
The ribosomal gene RPL13 was used to control for input RNA. qPCR using an Applied Biosystems 7900HT Fast Real-Time PCR System was performed according to the manufacturer's protocols. Samples were loaded in duplicate, and no-template, no-reverse transcriptase, and plate-to-plate controls were included. The comparative threshold cycle method was used for analysis. Equal amplification efficiencies were confirmed for the gene of interest and reference gene in the range of input amounts observed in this study. qPCR studies in mice were done using D-LUX fluorogenic primers (Invitrogen) and a Bio-Rad iCycler system according to the manufacturers' protocols. β-Actin was used to control for input RNA.
A detailed description of clinical studies, human biospecimens, animal studies, RNA/histone extraction, Western blotting, immunohistochemistry, and biostatistics can be found in SI Materials and Methods.
